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The Aurora B Kinase AIR-2 Regulates Kinetochores
during Mitosis and Is Required for Separation of
Homologous Chromosomes during Meiosis
species and for the health of individual organisms. In
sexually reproducing species, two modes of chromo-
some segregation occur: mitotic divisions, in which sis-
ter chromatids segregate from one another, and meiotic
divisions, in which homologous chromosomes segre-
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2 Institute of Botany gate away from one another. Failure of mitotic chromo-
some segregation causes aneuploidies that might con-Rennweg 14
A-1030 Vienna tribute to the generation of cancer. On the other hand,
failures of meiotic chromosome segregation generallyAustria
result in the formation of an inviable zygote. In rare
cases, aneuploid gametes can develop into viable indi-
viduals, albeit with developmental abnormalities, as isSummary
the case with trisomy 21 in humans. Although meiosis
and mitosis are of great fundamental and medical impor-Background: Mitotic chromosome segregation de-
pends on bi-orientation and capture of sister kineto- tance, the molecular mechanisms that mediate these
events are not fully understood.chores by microtubules emanating from opposite spin-
dle poles and the near synchronous loss of sister In recent years, major insights have been made into
some aspects of mitotic chromosome segregation (forchromatid cohesion. During meiosis I, in contrast, sister
kinetochores orient to the same pole, and homologous review, see [1]). Notably, the cohesin complex has been
identified which maintains the association between sis-kinetochores are captured by microtubules emanating
from opposite spindle poles. Additionally, mechanisms ter chromatids from the time of their synthesis to the
time of their separation at the metaphase to anaphaseexist that prevent complete loss of cohesion during mei-
osis I. These features ensure that homologs separate transition. Moreover, a protease, separase, has been
identified which is responsible for cleaving one subunitduring meiosis I and sister chromatids remain together
until meiosis II. The mechanisms responsible for orient- of the cohesin complex, thereby allowing the two sister
chromatids to be separated by the pulling forces im-ing kinetochores in mitosis and for causing asynchro-
nous loss of cohesion during meiosis are not well under- posed on the kinetochores by the microtubules of the
mitotic spindle [2]. Finally, this proteolytic event hasstood.
Results: During mitosis in C. elegans, aurora B kinase, been shown to be regulated both at the level of the
protease and at the level of the substrate [3]. Thus, theAIR-2, is not required for sister chromatid separation,
but it is required for chromosome segregation. Con- formation and destruction of the ties that bind sisters
together are well characterized. Less well understood isdensin recruitment during metaphase requires AIR-2;
however, condensin functions during prometaphase, in- the mechanism by which microtubules emanating from
each pole of the mitotic spindle manage to attach todependent of AIR-2. During metaphase, AIR-2 promotes
chromosome congression to the metaphase plate, per- one and only one of the kinetochores on the two sister
chromatids.haps by inhibiting attachment of chromatids to both
spindle poles. During meiosis in AIR-2-depleted oo- During meiosis, the arrangement of chromosomes on
the meiotic spindle is radically different from the situa-cytes, congression of bivalents appears normal, but
segregation fails. Localization of AIR-2 on meiotic biva- tion during mitosis. One critical difference is that biva-
lents, homologous chromosomes linked as a conse-lents suggests this kinase promotes separation of ho-
mologs by promoting the loss of cohesion distal to the quence of meiotic crossover, are aligned on the spindle
rather than pairs of sister chromatids. Thus, bivalentssingle chiasma. Inactivation of the phosphatase that
antagonizes AIR-2 causes premature separation of are arranged with one pair of sister chromatids facing
one spindle pole and the other, homologous pair facingchromatids during meiosis I, in a separase-dependent
the other spindle pole. Second, the linkage between thereaction.
two kinetochores of homologous chromosomes is lessConclusions: Aurora B functions to resolve chiasmata
direct than is the case in mitotic chromosomes; it isduring meiosis I and to regulate kinetochore function
mediated by chiasmata that can be many megabasesduring mitosis. Condensin mediates chromosome con-
away. Third, during mitosis, sister chromatid cohesiondensation during prophase, and condensin-indepen-
is lost synchronously upon anaphase onset along thedent pathways contribute to chromosome condensation
entire length of the chromosome, whereas, during meio-during metaphase.
sis, chromosome arm cohesion is lost at anaphase I,
and cohesion in the vicinity of the kinetochore is main-Introduction
tained until anaphase II. Kinetochore proximal cohesion
enables sister chromatids to separate from one anotherThe faithful segregation of chromosomes to daughter
during meiosis II. The mechanism by which specific sub-cells during cell division is critical for propagation of
sets of cohesin are maintained throughout the first
meiotic division remains obscure. However, the cohesin3 Correspondence: mglotzer@nt.imp.univie.ac.at
4 These authors contributed equally to this work. subunit that is cleaved by separase may be one target
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for this regulation [4]. This is suggested by the observa- compensation [27, 28]. Although these data are consis-
tent with the possibility that the mitotic chromosometion that, in budding yeast, the mitotic isoform of this
protein, Scc1p, can partially substitute for the meiotic- segregation phenotype seen in the absence of aurora
B is caused by the failure of condensin binding to chro-specific isoform Rec8p. However, the mitotic isoform
is incompetent to maintain the linkage between sister matin, this possibility has not yet been directly ad-
dressed.chromatids after meiosis I [5].
Thus, mitosis and meiosis are two related but clearly In this study, we show that, while AIR-2 is indeed
required for both meiotic and mitotic chromosome seg-distinct variants of a single process in which related
DNA sequences are segregated from one another. As regation, there appear to be fundamental differences in
the mechanisms by which this kinase contributes tosuch, it is not surprising that some of the same compo-
nents participate in both processes. Thus, cohesin and these processes. We show that separation of sister
chromatids is not impaired in air-2(or207ts) embryosthe cohesin cleaving protease separase are essential
for both processes and play much the same role in both and that in nematodes, as in Drosophila and S. pombe,
AIR-2 is required for the recruitment of the condensincases. Given that the two processes are different, it is
also not surprising that there are some factors that are complex to mitotic chromosomes. In addition, we have
found that the condensin complex functions during pro-required for one process but completely dispensable
for the other. phase to condense chromosomes; remarkably, this
function appears AIR-2 independent. AIR-2 has an addi-Here, we describe our analysis of the role of the aurora
B kinase, AIR-2, in mitotic and meiotic chromosome tional role in mitosis that is not due to the failure to
recruit condensin: AIR-2 appears to be essential for bi-segregation in the nematode C. elegans. A variety of
studies indicate that aurora B functions with at least orientation of sister kinetochores. In striking contrast,
during meiosis, AIR-2 is not required for the orderlytwo other proteins, BIR-1/survivin and Incenp [6–9], to
form a complex, hereafter referred to as the ABI com- alignment of bivalents on the metaphase plates, but it
is required for the separation of homologous chromo-plex. Components of the ABI complex are required for
chromosome segregation in budding and fission yeast, somes. AIR-2 is discretely localized to the region of the
bivalents where sister chromatid cohesion is lost duringnematodes, and Drosophila [7, 9–13]. In a number of
organisms, the ABI complex localizes to chromosomes the first meiotic division. Inactivation of the phosphatase
that acts antagonistically to the AIR-2 kinase, GLC-7,during prometaphase, becomes restricted to centro-
meric regions during metaphase, and then binds to the [15], allows premature separation of chromatids during
meiosis in a separase-dependent manner. Based oncentral spindle during anaphase (see [14] for review).
Aurora B is the major mitotic kinase that phosphorylates these results, we speculate that AIR-2 acts during meio-
sis I to spatially regulate cleavage of a subset of cohesin,histone H3 at serine 10 [15]. The function of aurora B
in chromosome segregation has been studied in most thereby allowing homologous pairs of chromosomes to
separate.detail in budding yeast. Results thus far seem to impli-
cate aurora B in regulating kinetochore function [16–20].
There are no data available yet concerning the function
Resultsof aurora B in meiosis.
In both Drosophila cultured cells and in S. pombe,
AIR-2 Is Required for Chromosome Segregationdepletion or inactivation of ABI complex members pre-
in Mitosisvents the binding of condensin, a multiprotein complex
In a previous study, we used live cell imaging of GFP-previously implicated in chromosome condensation [13,
histone H2B to visualize the behavior of chromatin in21]. The condensin complex has as its core two SMC
wild-type embryos and in embryos depleted of ICP-1,(structural maintenance of chromosomes) subunits and
the nematode Incenp ortholog [7]. Depletion of AIR-2three additional subunits. Immunodepletion and recon-
causes the same defects, including a failure to segre-stitution experiments established that condensin is es-
gate chromosomes during meiosis [29] (see below). Dur-sential for chromosome condensation [22]. The role of
ing mitosis, the unreduced, polyploid female pronucleuscondensin in chromosome condensation has also been
appears hypercondensed (Figure 1A). When air-2(RNAi)studied genetically in yeast and Drosophila. In budding
embryos enter mitosis, chromatin condenses, but a well-yeast, loss of condensin is associated with defects in
organized metaphase plate does not form. Followingchromosome segregation; chromatin compaction, which is
anaphase onset, the chromatin becomes stretchedmodest even in wild-type cells, is somewhat reduced in
along the spindle, but separate masses of segregatingthe absence of condensin subunits [23]. In fission yeast,
chromatin are not observed; rather, the chromatin ischromosome condensation is observable in mitotic cells
quite uniformly stretched along the A-P axis of the em-and requires condensin [24]. However, in Drosophila,
bryo. Occasionally, chromatin from the male pronucleusmutations in condensin subunits cause a surprisingly
separates into two lobes interconnected by chromatinmild condensation phenotype. Chromosomes shorten
bridges. The abnormal organization of the chromo-along the longitudinal axis, but resolution of sister chro-
somes during mitotic metaphase and their failure to seg-matids is impaired, leading to extensive chromosome
regate during anaphase may result, in part, from thebridges when sister chromatids separate at anaphase
segregation defect during the previous meiosis which[25, 26]. Condensin has also been implicated in chromo-
causes the embryo to be polyploid.some segregation in nematodes, but this role has not
We used two approaches to test if the meiotic defectbeen studied in detail; rather, a condensin-related com-
plex has been intensively studied with respect to dosage caused the mitotic defect. In the first case, a tempera-
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Figure 1. Mitotic Chromosome Segregation
but Not Sister Chromatid Separation Re-
quires AIR-2
(A) Loss of AIR-2 activity during mitosis
causes a complete failure in chromosome
segregation. Wild-type, air-2(RNAi), or air-
2(or207ts) embryos expressing GFP-histone
H2B were imaged during the first cell cycle. In
air-2(RNAi) embryos, meiosis and mitosis are
defective, and the female pronucleus is hyper-
condensed (arrowhead). In air-2(or207ts) mutant
embryos, polar bodies (arrow) are extruded
normally, but, during mitosis, chromosomes
fail to become organized onto a well-ordered
metaphase plate, although chromosome con-
densation is observed. During anaphase, the
chromatin is stretched along the axis of the
spindle, but no chromosome segregation
occurs.
(B) Wild-type or air-2(or207ts) embryos were
fixed and processed for FISH using a 5S rDNA
probe. In both wild-type and mutant embryos,
four discrete FISH signals can be observed
in anaphase embryos, indicating that sister
chromatid cohesion is lost.
ture-sensitive mutant, air-2(or207ts), was used [30]. This Thus, the air-2(or207ts) allele is well suited for analysis
of the role of AIR-2 in mitotic chromosome segregation.mutant has a highly penetrant defect in mitotic chromo-
some segregation but has no defect in meiosis. Chroma- In principle, air-2(or207ts) embryos may fail to separate
sister chromatids due to a failure to resolve sister chro-tin behavior in air-2(or207ts) embryos was monitored
using GFP-histone H2B during the first cell cycle (Figure matid cohesion. To test this possibility, embryos were
shifted to the nonpermissive temperature and analyzed1A). The initial appearance of the pronuclei was normal,
and the pronuclei met at the appropriate time and posi- by FISH using a probe specific for the 5S rDNA repeats.
In both wild-type and air-2(or207ts) embryos in early totion. The first defect observed was that the metaphase
plate was not well organized, and chromosomes failed late anaphase, four individual FISH signals were ob-
served [wt 6/7; air-2(or207ts) 9/9] (Figure 1B). Althoughto noticeably separate from one another. As an alterna-
tive approach, worms were depleted of AIR-2 by dsRNAi chromosome segregation fails, homologous sequences
can separate from one another. We conclude that sister(administered by feeding), and, prior to the onset of the
meiotic phenotypes, embryos were observed that were chromatid cohesion is resolved, at least partially.
defective in mitotic chromosome segregation and cyto-
kinesis. In these embryos, the mitotic segregation defect AIR-2 Is Required for Condensin Binding
in Metaphasewas indistinguishable from that seen with air-2(or207ts)
(data not shown). These data indicate that AIR-2 is es- Recent reports suggest that, in both Drosophila and S.
pombe, one function of the aurora B complex is to recruitsential for mitotic chromosome segregation.
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Figure 2. AIR-2 Promotes Condensin Re-
cruitment in Metaphase, but Condensin
Depletion Causes a Less Severe Phenotype
than air-2(or207ts)
(A) Localization of the condensin subunit
MIX-1 is AIR-2 dependent. Wild-type and air-
2(RNAi) embryos were fixed and stained with
antibodies specific for MIX-1 and histone H1.
Whereas MIX-1 can be readily detected on
chromatin during metaphase and anaphase
in wild-type embryos, MIX-1 is not detectable
on chromatin in comparable stages in air-
2(RNAi) embryos.
(B) Depletion of condensin subunits induces
the formation of chromatin bridges (arrows).
Embryos expressing GFP-histone H2B were
depleted of MIX-1 or SMC-4 and imaged dur-
ing the first cell cycle. Chromosomes con-
dense and align onto a well-ordered meta-
phase plate. During anaphase, the majority
of chromatin can be seen to move poleward;
however, extensive chromatin bridging is ob-
served.
(C) Quantitation of the extent of chromosome
segregation in wild-type, air-2(or207ts), and
mix-1(RNAi) embryos in anaphase.
the condensin complex to chromosomes [13, 21]. We accounted for by the failure to recruit condensin, we
tested whether a similar dependency exists in nema- used RNAi to individually deplete embryos of MIX-1 and
todes, using RNAi to deplete embryos of AIR-2. We SMC-4, the nematode orthologs of SMC-2 and SMC-4
found that condensin recruitment, as judged by an anti- in other organisms. MIX-1 has been implicated in chro-
body directed against MIX-1, one of the SMC family mosome condensation, but it has an additional role in
members, was AIR-2 dependent (Figure 2A). In 25/28 dosage compensation [28]. We performed live cell im-
wild-type embryos in metaphase or anaphase of the first aging of histone GFP to follow chromatin behavior in
or second mitosis, chromatin-associated MIX-1 staining embryos depleted of MIX-1 or SMC-4. Condensin deple-
was observed. However, MIX-1 was found on chromatin tion by RNAi of either of these two subunits caused
in only 1/18 air-2(RNAi) embryos during metaphase or identical phenotypes that did not become more severe
anaphase of the first division. Cell cycle staging and after 15 hr postinjection, suggesting that the observed
antibody accessibility was evaluated by the appearance phenotypes reflect a strong loss-of-function phenotype.
of the chromatin labeled with antibodies directed Depleting both subunits simultaneously had no addi-
against histone H1. During the first two cell cycles, tional phenotypes (data not shown). Additionally, mix-
significant recruitment of MIX-1 on chromatin is only
1(RNAi) embryos were depleted of detectable MIX-1observed in metaphase and anaphase, though our func-
(data not shown). Since the condensin complex hastional studies suggest that condensin probably associ-
been implicated in chromosome condensation [31], weates with chromatin during prophase (see below). These
were surprised to see that oocytes lacking condensindata are consistent with a model in which AIR-2 pro-
formed normally condensed meiotic bivalents, and,motes chromosome segregation by recruiting the con-
upon fertilization, the embryos complete meiosis nor-densin complex.
mally (Figure 2B). Moreover, during mitosis, chromo-
somes became highly condensed and formed a nearlyCondensin Depletion and AIR-2 Depletion Lead
normal metaphase plate (the metaphase plate was 1.5to Different Phenotypes
wider than in wild-type). Upon anaphase, two masses ofTo determine whether the chromosome segregation de-
fect observed in embryos lacking AIR-2 function can be chromatin separated, but extensive chromatin bridges
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Figure 3. Condensin Depletion Prevents
Chromosome Individualization during Pro-
phase, but Chromosome Condensation Oc-
curs after NEBD
(A) Images from a time-lapse sequence 20 s
prior to NEBD of wild-type, air-2(or207ts), or
smc-4(RNAi) embryos expressing GFP-his-
tone H2B are compared. Note the presence
of individualized chromosomes in wild-type
and air-2(or207ts) and their absence in smc-
4(RNAi) embryos.
(B) Chromosome condensation initiates in
prophase in wild-type and air-2(or207ts) em-
bryos but is greatly delayed in smc-4(RNAi)
embryos. Time-lapse sequences from the in-
dicated genotypes were processed and ana-
lyzed as described in Experimental Proce-
dures. Each graph represents an average of
at least two embryos.
spanned the length of the spindle (arrow, Figure 2B). to some but not all of the chromosome segregation
defect in air-2(or207ts) mutant embryos. It is also possi-Quantitative analysis of the chromatin reveals that the
air-2(or207ts) phenotype is clearly distinct from that of ble that the pool of condensin that is recruited in meta-
phase does not play a critical role. In addition, thesesmc-4(RNAi) and mix-1(RNAi). Chromosome segrega-
tion is much more defective in air-2(or207ts) embryos as data indicate that the condensin complex seems not to
be the sole cellular activity that induces chromosomecompared to smc-4(RNAi) embryos (Figure 2C), since, in
air-2(or207ts), two distinct DNA masses are not ob- condensation.
served during anaphase.
Although extensive chromosome condensation is ap- Sister Kinetochores Do Not Orient Properly
in air-2(or207) Mutant Embryosparent in metaphase in condensin-depleted embryos,
when earlier phases of the cell cycle were assessed, a The failures in mitotic chromosome segregation ob-
served in air-2(or207ts) mutant embryos are not an indi-dramatic defect was observed. In wild-type embryos,
significant chromosome condensation occurs prior to rect consequence of the meiotic defect, nor are they
caused by defects in resolution of sister chromatid co-nuclear envelope breakdown (NEBD); indeed, individual
chromosomes can be observed. In contrast, individual hesion. Likewise, these defects cannot be fully attrib-
uted to the failure to recruit condensin. Therefore, wechromosomes cannot be seen in condensin-depleted
embryos (Figures 3A and 3B). Importantly, air-2(or207ts) investigated whether individual sister chromatids might
attach to both spindle poles. Given that C. elegans chro-embryos are not obviously defective in chromosome
condensation prior to prophase. Quantitative measure- mosomes are holocentric, there are sufficient microtu-
bule attachment sites on each chromosome that thisments of the extent of chromosome condensation/indi-
vidualization reveal that chromosomes become progres- possibility cannot be discounted. In wild-type embryos,
HCP-3, the CENP-A ortholog, is concentrated on thesively condensed and discernible as discrete objects
through prophase. This process is largely completed by poleward face of chromosomes during metaphase and
anaphase [32]. The thread-like HCP-3 staining patternNEBD in both wild-type and air-2(or207ts) embryos. In
contrast, in embryos depleted of condensin subunits, along the length of the chromosomes is thought to repre-
sent diffuse kinetochores. In 5/5 metaphase wild-typechromosome condensation initiates only upon NEBD.
Thus, although accumulation of condensin on chromatin embryos, the metaphase plate was flanked by two dis-
tinct threads of HCP-3 staining (Figure 4A). However, inis AIR-2 dependent during metaphase, this may not re-
flect the stage at which condensin is maximally active. 4/4 metaphase air-2(or207ts) embryos, the metaphase
plate was disorganized and HCP-3 staining elementsCondensin is clearly active during prophase, and this
activity appears AIR-2 independent. distributed throughout the chromatin (Figure 4A). During
anaphase, in wild-type embryos, the segregating DNAThese data indicate that the failure to recruit con-
densin to chromatin during metaphase might contribute is associated with HCP-3 staining, again concentrated
Distinct Roles for AIR-2 in Mitosis and Meiosis
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Figure 4. Kinetochore Resolution Occurs in air-2(or207ts) Mutant Embryos with a Slight Delay, but Metaphase Congression Is Aberrant
(A) During metaphase, in wild-type embryos, HCP-3 is found on the poleward-facing surfaces of the metaphase plate. In air-2(or207ts) mutant
embryos, HCP-3 is dispersed throughout the metaphase plate, as is the case in mix-1(RNAi) embryos. At anaphase, HCP-3 is largely on the
poleward surfaces of separating chromatin in wild-type embryos. In air-2(or207ts) mutant embryos, HCP-3 remains dispersed throughout the
elongated anaphase chromatin. In mix-1(RNAi) anaphase embryos, HCP-3 is found on the poleward surfaces of separating chromatin. Embryos
were fixed and stained with antibodies directed against tubulin (green) and the CENP-A ortholog HCP-3 (red) and DNA (blue).
(B) In prometaphase in wild-type and air-2(or207ts) mutant embryos, the kinetochore antigens HCP-4 and MCAK are found in two threads
flanking the condensed chromatin. While chromosome congression occurs normally in wild-type and a metaphase plate is formed, in air-
2(or207ts) mutant embryos, chromosomes do not congress, and chromosomes oriented along the spindle axis can be observed (arrowheads).
(C) In wild-type embryos, by late prophase, each chromosome is flanked by two ribbons of HCP-3. In air-2(or207ts) mutant embryos, HCP-3
staining remains disorganized in late prophase in air-2(or207ts) mutant embryos.
(D) Chromatin stretching along the spindle axis observed in air-2(or207ts) mutant embryos is dependent on HCP-3 and therefore appears to
be kinetochore dependent. Wild-type or air-2(or207ts) mutant embryos expressing GFP-histone H2B were depleted of HCP-3 by RNAi and
were imaged during the first mitotic division. In embryos depleted of HCP-3, the pronuclei remain apart, and no chromatin segregation is
observed. The frames shown are taken 4.3 min after NEBD.
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teractions were observed in air-2(or207ts); hcp-3(RNAi)on the poleward face of the chromatin (Figure 4A). In
mutant embryos (Figure 4D); due to the absence of allair-2(or207ts) embryos, HCP-3 was distributed through-
such interactions, the chromatin masses from the mater-out the elongated mass of chromatin. Since condensin
nal and paternal pronuclei remain apart, and no segrega-recruitment during metaphase is AIR-2 dependent, we
tion occurs at all. We conclude that AIR-2 does notalso examined the distribution of HCP-3 in embryos
prevent illicit associations between chromatin and mi-depleted of the condensin subunit MIX-1. Although
crotubules.chromatin is poorly condensed at the moment of NEBD
We have investigated several possibilities that mightin condensin-depleted embryos, by metaphase, the
account for the complete failure of chromosome segre-chromatin in these embryos is quite highly ordered, but
gation in air-2(or207ts) mutant embryos, including a fail-HCP-3 staining is not restricted to the poleward faces
ure to resolve sister chromatid cohesion, defects in con-of the metaphase plate. However, by anaphase in mix-
densin recruitment, defects in kinetochore resolution,1(RNAi) embryos, kinetochores appear nearly as well
and illicit microtubule attachment to kinetochores. Ourorganized as in wild-type embryos. These data indicate
data suggest that none of these possibilities are suffi-that the defect in the organization of kinetochores in
cient to completely account for this phenotype. Oneair-2 mutant embryos is not likely due to the failure to
alternative cause of this defect is that each sister chro-recruit condensin.
matid becomes attached to both spindle poles, i.e.,Bi-orientation of chromosomes on the metaphase
merotelic attachments. In metaphase in air-2(or207ts)plate appears to result, at least in part, from the organi-
mutant embryos, chromosomes can be seen to bezation of the kinetochores, a process that occurs during
aligned along the axis of the spindle, which would beprophase in wild-type embryos. In interphase, each
consistent with this defect (arrowheads, Figure 4B).chromosome is initially associated with a single line of
HCP-3 staining which becomes resolved into two lines
AIR-2 Is Required for Meioticof staining during prophase prior to NEBD; this process
Chromosome Segregation
has been termed sister kinetochore resolution [33]. We
The fully penetrant air-2(RNAi) phenotype is character-
first examined whether kinetochore resolution is com- ized by meiotic chromosome segregation defects in ad-
plete by prometaphase in air-2(or207ts) mutant em- dition to the mitotic defects discussed above. To begin
bryos. Using antibodies directed against two additional to analyze the meiotic segregation defect, we used live
kinetochore antigens, HCP-4 and MCAK, we found that cell imaging of histone GFP to follow chromatin behavior
at prometaphase, i.e., after NEBD but prior to capture during meiosis in both wild-type and air-2(RNAi) fertil-
of all kinetochores by microtubules, two threads of kinet- ized oocytes. In wild-type at meiotic metaphase I, the
ochore antigens are found flanking each pair of sister six bivalents (homologs associated end-to-end as a con-
chromatids (15/15 embryos) (Figure 4B). During meta- sequence of meiotic recombination) are organized in a
phase, however, these kinetochore markers revealed single plane, with five of the bivalents organized in a
that chromatids fail to align properly to form an ordered circle around the sixth one [35]. The homologs can be
metaphase plate (Figure 4B) (8/8 embryos). To deter- seen to separate, leading to the formation of one (2C)
mine whether AIR-2 affects the timing of sister kineto- polar body and a second mass of chromatin in the em-
chore resolution, we analyzed the distribution of HCP-3 bryo which then becomes condensed again in prepara-
in wild-type and air-2(or207ts) mutant embryos during tion for metaphase of meiosis II. This division leads to
prophase, prior to NEBD. In 6/6 wild-type embryos at the formation of a second (1C) polar body and the female
late prophase (prior to NEBD), two distinct threads of pronucleus which decondenses and migrates toward
HCP-3 staining were observed as shown previously (Fig- the male pronucleus (Figure 5). A strikingly different pic-
ure 4C). However, in 6/7 air-2(or207ts) embryos, only one ture is observed in fertilized oocytes depleted of AIR-2.
disorganized thread of HCP-3 staining was observed Unlike the situation during mitosis in air-2 mutant em-
(Figure 4C). Thus, there is a delay in the resolution of bryos, the first meiotic metaphase appeared normal;
sister kinetochores. Whether the delay in resolution con- there was no defect in the organization of the bivalents
tributes to the failure in chromosome alignment and on the metaphase plate (Figure 5). During anaphase,
congression is not clear. Since kinetochores of con- the chromatin was stretched along the cell cortex but
densin-depleted embryos are highly disorganized in separate masses of chromatin were not generated. This
metaphase yet become ordered by anaphase, a degree stretching phase was followed by recondensation to a
of order can be imposed on kinetochores during meta- metaphase plate containing six individual structures,
phase. Thus, the delay in kinetochore organization seen presumably unseparated bivalents. After a delay that
in air-2(or207ts) embryos at prophase is unlikely to be corresponded to the interval between meiosis I and II,
the sole reason why they fail to become ordered during the chromatin began to be stretched a second time. The
mitosis. chromatin again failed to separate, and all the chromatin
The failure of chromosome segregation in air- was encompassed by a single nuclear membrane that
2(or207ts) mutant embryos could be caused by illicit then migrated toward the male pronucleus. Thus, al-
(kinetochore independent) chromatin-microtubule inter- though the meiotic cell cycle appears to proceed nor-
actions which might ordinarily be inhibited by the ABI mally in the absence of AIR-2, segregation of chromo-
complex. To investigate this possibility, we asked whether somes fails altogether.
chromatin-microtubule interactions occur in embryos
depleted of both AIR-2 and HCP-3; HCP-3 is the most AIR-2, ICP-1, BIR-1, and Two Phosphoepitopes
upstream component known of the nematode kineto- on Histone H3, S10 and S28, Localize to
chore. We found no evidence for chromatin-microtubule Distinct Regions of Bivalents in Meiosis I
interactions in either hcp-3(RNAi) embryos, as shown During late diakinesis and metaphase I, the bivalents
(the highly condensed pairs of homologs) exhibit a re-previously [34]. Likewise, no chromatin-microtubule in-
Distinct Roles for AIR-2 in Mitosis and Meiosis
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Figure 5. Loss of AIR-2 Activity during Meiosis Causes a Complete Failure in Chromosome Segregation
In wild-type embryos, the meiotic products are visible; the first polar body is marked by *, the second polar body by ^. Embryos expressing
GFP-histone H2B were depleted of AIR-2 by RNAi and imaged during meiosis. Chromosomes condense and align onto a well-ordered
metaphase plate. During anaphase of both meiosis I and meiosis II, the chromatin is stretched along the cortex of the embryo, and no
chromosome segregation occurs.
markable pattern of staining with anti-AIR-2 antibodies. of bivalents align in the center of the meiotic spindle,
indicating that the labeled region corresponds to theNotably, AIR-2 is restricted to a defined short segment
of the bivalents (Figure 6A). A similar staining pattern is part of the bivalent where homologs are held together
by chiasma (Figure 6C). At anaphase I, ICP-1, AIR-2, andobserved with antibodies specific for other components
of the aurora B kinase complex, including BIR-1 (Figure BIR-1 relocalize to the midzone of the meiotic spindle
(Figure 6D and data not shown). In addition, one sub-6B) and ICP-1 (Figure 6C). The ICP-1 labeled region
Figure 6. During Meiosis I, AIR-2 and Other
ABI Complex Members Are Concentrated on
a Discrete Region of Bivalents
AIR-2 (A), BIR-1 (B), ICP-1 (C and D),
phosH3(S28) (E), and phosH3(S10) (F–H) lo-
calize to a discrete region of bivalents in diaki-
nesis (A, B, E, and F) and meiosis I (C, D, and
G). Wild-type embryos were stained with the
indicated antibodies and DAPI to visualize
DNA. In metaphase I (C) and anaphase I (G),
the alignment of the bivalents on the meiotic
spindle indicates that regions of the bivalents
that are labeled with AIR-2 and the other
antigens correspond to the regions distal to
the site of attachment on the meiotic spindle.
During metaphase II, phosH3(S10) labels the
entire chromosome (H). Localization of REC-8
and phosH3(S10) on individual bivalents from
a wild-type oocyte reveals that phosH3(S10)
is localized to the chromosome region distal
to the chiasma, where cohesion must be re-
leased during the first meiotic division (I). In
rec-8(RNAi) oocytes, AIR-2 does not localize
to the univalents (J), although the univalents
are labeled with phosH3(S10) (K). In spo-
11(ok79) oocytes, AIR-2 is associated with
some but not all of the univalents (L). Draw-
ings depict the arrangement of the chroma-
tids (light and dark blue), cohesion (purple




strate of AIR-2, phosphorylated serine 10 of histone H3 tion, and the distribution of AIR-2 and phosphorylated
histone, phosH3(S10), was assessed. In wild-type oo-(Figures 6F and 6G), as well as phosphorylated serine 28
(Figure 6E) mirrors the distribution of the ABI complex. In cytes, depletion of AIR-2 abolishes phosH3(S10) signal,
as previously described [15]. In contrast, depletion ofmeiosis II, phosH3(S10) is widely distributed on the sister
chromatid pairs (Figure 6H). GLC-7, caused a dramatic increase in phosH3(S10)
labeling (Figure 7A). Interestingly, although the meioticWe next investigated how the distribution of these
antigens in diakinesis relates to the position of the cross- bivalents in glc-7(RNAi) oocytes are completely labeled
with phosH3(S10), there was little effect on the distribu-over. Bivalents were costained with antibodies against
REC-8 and phosH3(S10). REC-8, a cohesin subunit, is tion of the AIR-2 kinase. Depletion of both AIR-2 and
GLC-7 reduces but does not eliminate the phosH3(S10),a marker for sister chromatid cohesion. There is usually
one crossover event per bivalent, and this generally raising the possibility that other kinases may contribute
to histone H3 phosphorylation when GLC-7 activity isoccurs in the distal regions of the chromosomes. The
center of the cross pattern labeled with REC-8 antibod- suppressed.
We next followed the behavior of GFP-labeled chro-ies corresponds to the position of the chiasma. The
phosH3(S10) labeling colocalizes with the region of the mosomes during meiosis I in fertilized oocytes depleted
of GLC-7,by RNAi. The arrangement of chromosomesbivalent distal to the chiasma (Figure 6I). To determine
if localized distribution of AIR-2 was dependent upon at metaphase I was normal in oocytes from glc-7(RNAi)
animals. However, during anaphase I, the bivalents syn-homolog pairing, two mutant backgrounds were ana-
lyzed. In the first, the meiosis-specific cohesin subunit chronously dissociated into numerous individual chro-
matids rather than the splitting into two sets of six pairsREC-8 was depleted by RNAi. Under these conditions,
sister chromatids become separated from each other, of sister chromatids (Figure 7B). To establish that inap-
propriate separation of chromatids occurred, high-reso-and homologous chromosomes do not pair [36]. In the
absence of REC-8, no discrete AIR-2 staining of chromo- lution Z series of anaphase I oocytes were acquired to
allow accurate determination of chromatid number. Insomes could be observed in oocytes at diakinesis (Fig-
ure 6J). Surprisingly, sister chromatids in rec-8(RNAi) three time series analyzed in this manner, we were able
to count a minimum of 17 (maximum of 21) individualoocytes stain strongly with phosH3(S10) antibodies (Fig-
ure 6K). As a second route to test if the localized AIR-2 GFP-positive bodies, clearly more than the maximum of
12 if no inappropriate splitting had occurred (Figure 7C).reflected the position of the crossover, we used a mutant
strain lacking the SPO-11 endonuclease which is re- To establish that the effect of GLC-7 depletion was me-
diated by increased levels of AIR-2 kinase activity andquired to create the double-strand break for meiotic
recombination. In C. elegans, SPO-11 is required for not another kinase, we simultaneously depleted both
AIR-2 and GLC-7 and observed an intermediate pheno-recombination but not for homolog synapsis [37]. In spo-
11(ok79) mutant oocytes, homologs stay together until type [5/6 oocytes, 1 oocyte displayed the air-2(RNAi)
phenotype; data not shown]. Inactivation of this phos-the end of pachytene, but, in diakinesis, 12 individual
phatase indeed had the opposite effect to that of inacti-chromosomes, univalents, are observed. When these
vation of the kinase; notably, in the absence of GLC-7oocytes were stained with anti-AIR-2 antibodies, AIR-2
phosphatase, sister chromatid segregation occurredwas found to associate nonuniformly with only a subset
prematurely, whereas, in the absence of the kinase,of chromosomes (Figure 6L). Taken together, these ex-
chromosome segregation failed to occur.periments suggest that AIR-2 is localized to the region
The precocious separation of sister chromatids duringdistal to the single chiasma. Interestingly, this is the
meiosis I in glc-7(RNAi) embryos could reflect an unreg-precise region of the chromosome where cohesin has
ulated dissolution of cohesin throughout the bivalent,to be resolved to allow homologs to separate in meiosis
or it could reflect a nonphysiological route to the sameI. One simple model is that AIR-2 may, directly or indi-
end. We therefore asked whether separase, SEP-1, isrectly, phosphorylate a substrate, perhaps REC-8, that
required for the premature separation of sister chroma-allows cohesion to be resolved at this location.
tids observed in glc-7(RNAi) embryos. We simultane-
ously depleted GLC-7 and SEP-1 by RNAi. In embryos
glc-7(RNAi) Causes Premature Separation lacking SEP-1, chromosome segregation is significantly
of Sister Chromatids in Meiosis delayed, and in most embryos segregation is not ob-
If AIR-2 were to regulate the dissociation of homologs by served [38]. In embryos depleted of both GLC-7 and
phosphorylating a given substrate and thereby allowing SEP-1 activity, during the first meiotic division, chroma-
loss of cohesion, one would predict that if this substrate tid separation was also greatly inhibited (Figure 7D).
could be induced to be phosphorylated more widely, After a 20 min delay (also observed in embryos depleted
then not only might homologs separate during the first of SEP-1 alone), the chromatin becomes somewhat dis-
meiotic division, but sisters might also separate. While persed, and individual chromosomes could occasionally
in C. elegans it is not feasible to overproduce AIR-2 and be observed, but they never fully separate from the re-
its associated subunits in oocytes, recent studies have mainder of the chromatin as is the case when GLC-7
indicated that in both yeast and C. elegans the protein alone is depleted (Figure 7C). These data suggest that
phosphatase PP1, GLC-7, in C. elegans, acts antago- the precocious separation of sister chromatids in GLC-7-
nistically to AIR-2, at least with respect to the AIR-2 depleted embryos is dependent on SEP-1 activity.
substrate histone H3 [15]. Thus, as an alternative to
hyperactivating AIR-2, we sought to promote the phos- Discussion
phorylation of AIR-2 substrates by inactivating this
phosphatase. AIR-2 and GLC-7 catalytic subunits were The fundamental difference between meiotic divisions
and mitotic divisions is the fact that meiosis separatesdepleted using RNAi, either individually or in combina-
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Figure 7. The GLC-7 Phosphatase Prevents Premature Separation of Sister Chromatids during Meiosis I
(A) In wild-type oocytes, discrete localization of phosH3(S10) on meiotic bivalents is apparent but is lost in air-2(RNAi) oocytes. In glc-7(RNAi)
oocytes, increased phosH3(S10) labeling in diakinesis is observed; this does not parallel the distribution of AIR-2. phosH3(S10) is detectable
in air-2(RNAi); glc-7(RNAi) oocytes.
(B) Depletion of GLC-7 induces premature separation of sister chromatids during meiosis I. Embryos were depleted of GLC-7, and GFP-
histone H2B was imaged during meiosis. Chromosomes condense and align onto a well-ordered metaphase plate. During anaphase of meiosis
I, bivalents can be observed to separate into 20 individual chromatids. Chromatin then condenses again and segregates again into many
individual chromatids during meiosis II.
(C) Detailed imaging of anaphase I in a GLC-7-depleted oocyte. Two widely separated focal planes are shown; individual chromatids are only
visible in one focal plane; 18 distinct objects can be seen.
(D) Simultaneous inactivation of SEP-1 and GLC-7 causes a prolonged delay in the onset of anaphase, and, when anaphase occurs, chromo-
somes do not separate into discrete chromosomes.
nonidentical objects and generates diversity, whereas appear to be dramatic differences between the manners
in which AIR-2 promotes these processes.mitosis separates identical objects and generates clonal
expansion. Given the combined importance of genetic
diversity and high-fidelity chromosome transmission, The Mitotic Role of AIR-2
During mitosis, AIR-2 promotes the association of con-eukaryotic cells have sophisticated mechanisms that
mediate both of these events. In this paper, we have densin with chromosomes. Since depletion of con-
densin subunits does not mimic the chromosome segre-shown that the aurora B kinase, AIR-2, is required for
both mitotic and meiotic chromosome segregation in the gation phenotype caused by inactivation of AIR-2, AIR-2
must serve additional function(s). Cytological analysisearly C. elegans embryo. Surprisingly, however, there
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suggests that resolution/organization of kinetochores
into pairs of oriented lateral elements occurs, albeit with
a slight delay, in AIR-2-depleted embryos. In prometa-
phase, chromosomes with resolved kinetochores con-
taining a variety of kinetochore antigens, including HCP-3,
HCP-4, and MCAK, are observed. However, these chro-
mosomes fail to congress properly, and they fail to seg-
regate during mitosis, though they elongate on the mi-
totic spindle. This chromosome elongation requires
interactions between microtubules and kinetochore,
and, during anaphase, cohesion between sister chroma-
tids is resolved. Given these results, we suggest that in
the absence of AIR-2 activity each chromatid becomes
attached to both spindle poles, assuming a so-called
merotelic configuration, and therefore chromosome
segregation is inhibited.
In budding yeast, chromosome segregation also re-
quires an aurora family kinase, Ipl1p. Cells lacking Ipl1p
activity or Sli15p (the yeast Incenp homolog) activity
exhibit massive defects in chromosome segregation [16,
39]. Unlike the situation in C. elegans, the hallmark of
this mutant phenotype is the segregation of both sister
chromatids to a single pole. Chromosomes marked at
defined loci have been used to show that, in ipl1ts mu-
tant cells, both separation of sister chromatids and dis-
sociation of the cohesin complex occur with normal or
near normal kinetics [17, 20]. One explanation for these
findings is that Ipl1p may be required for kinetochore
assembly or function, a speculation that is supported Figure 8. Schematic Models for the Function of AIR2 in Mitotic and
by the fact that Ipl1p seems to inhibit binding of kineto- Meiotic Chromosome Segregation
chores to microtubules in vitro [17] and genetic and (A) Model depicting the role of AIR-2 in promoting bi-orientation of
biochemical interactions have been detected between sister kinetochores. Merotelic attachment of holocentric chromo-
somes can occur as a result of misorientation of mitotic chromo-the yeast orthologs of the ABI complex members (Ipl1p,
somes; see text for details.Bir1p, Sli15p) and a variety of kinetochore components
(B) Model depicting the events in meiosis in wild-type oocytes.[18, 40]. However, since some chromosomes do segre-
AIR-2 is localized to the regions distal to the chiasma and facilitatesgate normally in ipl1ts cells, it is not clear if defects in
meiosis I; see text for details.
MT attachment to kinetochores can fully account for the
phenotype observed in vivo. Recent data have provided
actions. Thus, in the absence of AIR-2 activity, the holo-a new explanation for the chromosome segregation de-
centric chromosome can be engaged by microtubulesfects caused by loss of Ipl1p function. Ipl1p appears
from both spindle poles and, as a result, becometo destabilize kinetochore-microtubule interactions [20].
stretched along the spindle axis.This activity is particularly apparent in yeast, since kinet-
If AIR-2 generally destabilizes kinetochore-microtu-ochores are bound by microtubules during G1, and, in
bule interactions, it is not clear how correct attachmentsthe absence of Ipl1p, this results in the frequent mono-
could be established. One hypothesis is that aurora ki-orientation of sister chromatids. However, it is important
nase may selectively destabilize microtubule-kineto-to investigate if aurora B kinase has a similar function
chore interactions that do not generate tension [19, 20].in organisms in which microtubules gain access to kinet-
This may be true in C. elegans as well, but, if so, weochores only upon NEBD.
suggest that AIR-2 must detect tension exerted acrossIn C. elegans, AIR-2 may perform a similar function
a pair of sister chromatids rather than simply the pres-to that described in budding yeast, albeit with a different
ence of tension at a kinetochore. Merotelic attachmentsmorphological endpoint. C. elegans chromosomes are
could generate tension at kinetochores on a single chro-holocentric with multiple microtubule attachment sites
matid, but, in wild-type embryos, this configuration isalong the length of the chromosome. This structure must
apparently not stable (Figure 8A). We speculate there-be organized so that each attachment site on a sister
fore that tension must be exerted on the structure be-chromatid is engaged by microtubules emanating from
tween sister kinetochores, which is precisely where thea single spindle pole, to prevent attachment of a single
ABI complex is localized. Importantly, merotelic attach-chromatid to both spindle poles (merotelic configura-
ments are a significant cause of chromosome loss intion). Once a chromatid is oriented toward a spindle
mammalian cells [41].pole, steric constraints would likely inhibit attachment
of this chromatid to the other spindle pole. However,
Chromosome Condensation Is Mediated bybefore chromatid orientation occurs, there seems to be
Condensin and at Least One Other Pathwayno obvious mechanism that inhibits improper attach-
To investigate the possible significance of the AIR-2-ments (Figure 8A). One possibility is that, as in budding
yeast, AIR-2 destabilizes kinetochore-microtubule inter- dependent recruitment of condensin to chromatin, we
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analyzed the consequences of loss of condensin using distal to the recombination event and why GLC-7 activity
appears to predominate elsewhere. The meiotic functionRNAi to deplete the core SMC subunits, either alone or
in combination. Since the condensin complex has not of AIR-2 contrasts sharply with its mitotic function,
where it is dispensable for resolution of sister chromatidbeen biochemically analyzed and since the associated
subunits of this complex are not well conserved in nema- cohesion. The fact that the air-2(or207ts) allele exhibits
penetrant defects in mitotic divisions yet no defectstodes, we focused on the core SMC subunits, which are
orthologs of SMC2 and SMC4 in other organisms. This during meiosis provides additional evidence for mecha-
nistic differences in AIR-2 function during mitosis andlive cell analysis demonstrates that condensin has a role
in chromosome condensation in C. elegans. Moreover, meiosis.
Although AIR-2 is required for proper congression ofwe show that condensin largely performs this function
prior to NEBD. Condensin-dependent compaction of mitotic chromosomes to the metaphase plate, it is not
required for this process during meiosis. However, therechromosomes during prophase is not accompanied by
a striking recruitment of MIX-1 to chromatin. The failure are significant differences in the organization of mitotic
and meiotic kinetochores in C. elegans. Whereas mitoticto detect condensin may indicate that this compaction is
mediated by limited amounts of the condensin complex, chromosomes are holocentric, meiotic chromosomes
are functionally monocentric in both meiotic divisions.analogous to the small amounts of the cohesin complex
that mediates sister chromatid cohesion during meta- The kinetic end of the chromosome is not predeter-
mined, rather it is thought to be positioned at the endphase in animal cells [42].
There are multiple condensin-related complexes in most distant from the crossover (Figure 8B). The other
end adopts the function of the centromere at meiosis IIearly C. elegans embryos. In addition to the condensin
complex, whose associated subunits have not yet been [35]. Several organisms that have holocentric mitotic
chromosomes have functionally monocentric meioticdefined, embryos also contain the dosage compensation
complex that also has two SMC proteins as core compo- chromosomes, including a variety of nematodes and
arthropods [43–45]. Recent ultrastructural studies havenents. MIX-1 is present in both the condensin com-
plex and the dosage compensation complex, whereas revealed a common appearance of the kinetic faces of
chromosomes during meiosis and mitosis in C. elegansDPY-27 (a SMC-4-related protein) and DPY-26 (a protein
with limited homology to Dm Barren) are solely involved [46]. However, earlier studies using different methods
demonstrated a distinct kinetochore structure at thein dosage compensation [27, 28]. Localization of MIX-1
to mitotic chromatin is independent of DPY-26, yet its ultrastructural level during mitosis, yet, during meiosis,
microtubules appear to insert directly into chromatinlocalization to X chromosomes in hermaphrodites is
DPY-26 dependent [28]. The existence of multiple [47]. Functional evidence also indicates differences be-
tween mitotic and meiotic kinetochores in C. elegans,modes of MIX-1 binding to chromatin is compatible with
the finding that condensin appears to have both AIR-2- since some factors that are critical for mitotic chromo-
some segregation are not critical for meiotic chromo-independent and AIR-2-dependent interactions with
chromatin. some segregation. As shown here, the condensin com-
plex does not appear to be required for meiosis,Surprisingly, condensin function prior to NEBD is
AIR-2 independent, even though the mitotic recruitment although it is essential for mitosis. Similarly, HCP-3 (the
CENP-A homolog) and HCP-4 (the CENP-C homolog)of condensin to chromatin is AIR-2 dependent. We cur-
rently lack the tools to test if the mitotic accumulation are essential during mitotic chromosome segregation
but only exhibit weak meiotic phenotypes [33, 34]. Al-of condensin is of physiological significance. Impor-
tantly, we also observed that chromatin condensation though HCP-3 is present on the entire bivalent at diaki-
nesis/metaphase I [46], this localization does not neces-occurs after NEBD in condensin-depleted embryos.
While it is possible that residual condensin remains after sarily imply that it is functional, since, in mammalian
cells, ectopic localization of CENP-A is insufficient toRNAi depletion and mediates this condensation, this
seems unlikely, since depletion of either subunit alone generate a functional kinetochore [48].
During meiosis, AIR-2 marks the region of the chromo-or both together caused the same fully penetrant pheno-
type. It appears more likely that condensin-independent some in which cohesion is lost during the first meiotic
division. This region is defined by the position of thepathways contribute to chromosome condensation.
crossover that occurs during the pachytene stage. In C.
elegans, usually one crossover event occurs per chro-
The Meiotic Role of AIR-2 mosome, regardless of the length of the chromosome or
Several lines of evidence suggest that AIR-2 kinase ac- the length of recombinogenic region [49]. Interestingly,
tivity promotes resolution of sister chromatid cohesion several organisms that are holocentric during mitosis
during meiosis I. This includes the remarkable concor- and functionally monocentric during meiosis share the
dance between AIR-2 localization and the sites where additional property that only one crossover usually oc-
sister chromatid cohesion is lost. In addition, a phospha- curs per bivalent [43, 49]. One consequence of the single
tase, GLC7, that is antagonistic to AIR-2 is required to crossover event is that there is a single discrete region
prevent precocious separation of bivalents into chroma- on each bivalent in which sister chromatid cohesion
tids. While the mechanism that targets AIR-2 to this must be released to allow homologs to separate at meio-
discrete site is not yet clear, AIR-2 localization in diakine- sis I (Figure 8B). This is in stark contrast to the situation
sis is strictly dependent upon the presence of sister in organisms with multiple crossover events in which
chromatid cohesion, and its discrete localization re- sister chromatid cohesion must be released in several
quires recombination between homologs. It will be im- noncontiguous regions to allow homologs to separate.
In principle, separation of homologs in meiosis I couldportant to decipher why AIR-2 localizes to the region
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AIR-2 Antibodyproceed by two mechanistically distinct pathways. The
A rabbit antibody directed against a C-terminal peptide of AIR-2challenge is to destabilize sister chromatid cohesion in a
(CQKIEKEASLRNH) coupled to KLH was generated (Gramsch). Spe-regional manner so that homologs can segregate during
cific antibodies were purified by affinity chromatography to immobi-
meiosis I, while maintaining a connection between sister lized peptide.
chromatids so that they can segregate from each other
in meiosis II. One solution is to selectively destroy sister Cytological Preparations
chromatid cohesion distal to the chiasmata. Our data For most immunostaining protocols and the FISH procedure, meio-
cytes and embryos were prepared as follows. Gravid hermaphro-suggest that, in C. elegans, AIR-2 may regulate this
dites were transferred to M9 buffer on a polylysine-coated slide.selective destruction. Whereas this subset of cohesion
For preparation of gonads, the worms were cut with a fine injectionis well defined in C. elegans, this is not the case in
needle behind the pharynx and in the tail region. A coverslip wasorganisms with multiple chiasmata, and cohesion must
added and gently tapped to release gonads and embryos. The sam-
be destroyed in numerous regions dispersed throughout ple was immediately frozen in liquid nitrogen and subsequently fixed
the chromosome. The alternative solution is to selec- in 20C methanol.
tively protect cohesion in the vicinity of the kinetochore.
Indeed, there is evidence for centromeric protection of Immunostaining
Immunostaining of gonads and oocytes was performed as de-cohesion in yeast and Drosophila [1].
scribed previously [36]. Rb-anti-phos-H3(S10) (Upstate Biotechnol-
ogy) and Mo-anti-phos-H3(S10) (Cell Signaling Technology) were
used at 1:500; Rb-anti-phos-H3(S28) (provided by M. Inagaki) wasConclusions
used at 1:100; Rb-anti-AIR-2 was used at 1:1000; Rb-anti-REC-8These results indicate that aurora B kinase, AIR-2, medi-
[36] was used at 1:50; Rb-anti-BIR-1 (provided by L. Speliotes andates both meiotic and mitotic chromosome segregation.
H.R. Horvitz) was used at 1:100; Rb-anti-ICP-1 (provided by K.
Interestingly, AIR-2 acts differently in these two pro- Oegema and A. Hyman) was used at 1 g/ml. Rb-anti-HCP-4 (pro-
cesses. In mitosis, AIR-2 prevents merotelic attach- vided by L. Moore and M. Roth), Rb-anti-HCP-3 (1:1000), and Rb-
anti-MCAK (1:1000) stainings (provided by K. Oegema and A. Hy-ments and perhaps promotes a subset of condensin-
man) were performed as described [34]. Microtubules were staineddependent processes; this function is indicated by the
with a rat YOL1/34 anti-tubulin monoclonal antibody [53] dilutedfailure of chromosomes to properly congress to form
1:300. Immunostaining with Rb-anti-MIX-1 (provided by B.J. Meyer)an ordered metaphase plate in air-2(or207ts) embryos.
was performed essentially as described [46]. In the MIX-1 staining
During mitosis, AIR-2 is not required for separation of experiments, DNA was stained with a mouse monoclonal anti-his-
sister chromatids. In contrast, during meiosis I, AIR-2 tone antibody (MAB1276, Chemicon).
appears to be involved in the resolution of cohesion,
whereas it is not obviously required for proper position- Fluorescence In Situ Hybridization
The 5S rDNA probe was labeled with cy-3-dUTP (Amersham) usinging of the bivalents on the meiotic plate. We speculate
random octamers (Gibco) and purified over a Sephadex G50 column.that the role we have defined for aurora B in mitotic
Salmon sperm DNA (10 g/20 ng probe) was added, and the mixchromosome segregation may apply to many organ-
was vacuum dried and resuspended in hybridization mix (3 SSC,isms. We further speculate that the meiotic function we
50% formamide, 10% dextran sulfate). FISH was performed as de-
have defined for AIR-2 may be restricted to organisms scribed with modifications [37]. In brief, methanol-fixed preparations
that have a single crossover event per chromosome were washed twice in 2 SSCT for 10 min each and then RNAase
treated (50 g per slide) for 30 min at 37C. Slides were sequentiallyduring meiotic prophase and in which the kinetic end
washed in SSCT/25% formamide, SSCT/50% formamide, and thenof the meiotic chromosome is not invariant. Finally, these
transferred into fresh SSCT/50% formamide and incubated at 37Cdata suggest that, while condensin plays an important
for 40 min. The probe was denatured at 95C, put on ice, and 12 lrole in chromosome organization, there are likely addi-
(20 ng probe) of probe solution was added to each slide, a coverslip
tional factors that also contribute to the condensation was added, and sealed. Slides were heated to 95C for 2 min to
of mitotic chromosomes. denature the probe and chromosomal DNA and then hybridized
overnight at 37C. Coverslips were removed by incubating the slides
at 42C in 2 SSCT/50% formamide. Subsequent washes were
Experimental Procedures performed at 42C in 1 SSC, 0.2 SSC, and 0.1 SSC. Samples
were stained with Hoechst 33342, washed with 0.1 SSC, and
Worm Strains and Alleles mounted.
The following strains and alleles were used in this study: N2, air-
2(or207ts) [30], ruIs32[H2B::GFP] [50], spo-11(ok79), MG330 air-
Microscopy2(or207ts)I; ruIs32[H2B::GFP]III. Inactivation of air-2(or207ts) re-
Monochrome images were captured separately for each emissionquires incubation at 25C–26C for 2 min [30]; for fixed analysis,
wavelength with cooled CCD cameras mounted on Zeiss micro-a 30–60 min temperature shift was applied.
scopes. Time-lapse analysis was performed with a 100/1.3 objec-
tive lens (Zeiss), a CoolSnap Fx CCD (Roper Scientific) camera,
and a piezoelectric device (Physik Instruments) was used for rapidRNA Interference
Fragments of 350–1200 bp of DNA corresponding to coding regions acquisition of multiple Z planes. To film air-2(or207ts), an objective
heater was used to maintain the sample at 26C, which is necessaryof mix-1, the C. elegans ortholog of smc-4 (F35G12.8), glc-7, glc-
7, and air-2 were PCR amplified and cloned into pGEM-T (Pro- for a fully penetrant phenotype. Image processing was performed
with the following software packages: MetaMorph, Image J, andmega). RNA was transcribed from both strands (Ambion), annealed,
and injected into the gonads of hermaphrodites as described [51]. Adobe PhotoShop.
To quantitate the chromosome segregation behavior in wild-type,RNA was injected at 150–600 ng/l; embryos were analyzed 15–24
hr after injection. sep-1(RNAi) was performed as described [38]. For air-2(or207ts), and mix-1(RNAi) embryos, frames from time-lapse
recordings immediately prior to chromosome decondensation werefeeding dsRNA, fragments of air-2, mix-1, and smc-4 were cloned
into the vector L4440, transformed into HT115, and L3/L4 larvae analyzed by measuring the intensity of GFP-labeled chromatin along
a line parallel to the spindle axis. These data were normalized towere fed bacteria expressing the respective dsRNA for 48 hr until
their embryos were analyzed [52]. the maximum and minimum of each line scan. Two series of each
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genotype are plotted; similar results were seen in 5 embryos of bulin and requires dynamic microtubules to target to the cleav-
age furrow. Exp. Cell Res. 262, 122–127.each genotype.
To quantitate the extent of chromosome condensation in wild- 9. Speliotes, E.K., Uren, A., Vaux, D., and Horvitz, H.R. (2000). The
survivin-like C. elegans BIR-1 protein acts with the Aurora-liketype, air-2(or207ts), or smc-4(RNAi) embryos, a fully automated
macro was developed. Z stacks from each time point were projected kinase AIR-2 to affect chromosomes and the spindle midzone.
Mol. Cell 6, 211–223.using a maximum intensity algorithm. The resulting image was then
filtered with a Mexican hat kernel which serves to boost the intensity 10. Francisco, L., and Chan, C.S. (1994). Regulation of yeast chro-
mosome segregation by Ipl1 protein kinase and type 1 proteinvalue of pixels that are surrounded by pixels with high-intensity
values and to deemphasize pixels that are not surrounded by high- phosphatase. Cell. Mol. Biol. Res. 40, 207–213.
11. Rajagopalan, S., and Balasubramanian, M.K. (1999). S. pombeintensity values. A threshold was applied to the resulting image,
using a constant threshold value for all images. Objects were then Pbh1p: an inhibitor of apoptosis domain containing protein is
essential for chromosome segregation. FEBS Lett. 460,automatically defined as regions of 10 contiguous pixels with in-
tensity values greater than the threshold value. The cumulative inten- 187–190.
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